H eterocellular communication between endothelial cells (EC) and vascular smooth muscle cells (VSMC) is vital
to a functional vascular wall. Gap junctions at points of EC and VSMC contact (myoendothelial junctions [MEJ] ) have been structurally and physiologically demonstrated to link the 2 cell types. [1] [2] [3] [4] Gap junctions are assembled from connexin proteins as dodecameric channels composed of a pair of hexamers linking 2 adjacent cells. More than 20 connexin isoforms are known, 5, 6 and gap junctions can be homotypic or formed from combinations of the connexin isoforms. Different connexin proteins can impart distinct selectivity for dye movement, electric signaling, or second messenger coupling. [7] [8] [9] In addition, junctional permeability can be regulated by phosphorylation of connexin proteins 10 or by the proteins used to form the hexamers with which intact gap junctions are built. 11 There is evidence that connexin expression at the point of contact between EC and VSMC may be altered as development of atherosclerosis involves a progressive change in connexin expression. 12, 13 Oxidation of LDL-derived phospholipids is considered to be a key event in atherosclerotic lesions, and oxidation products of 1-palmitoyl2arachidonoyl-sn-3-glycero-phosphorylcholine (OxPAPC) 14 are known to mediate the biological activity of minimally modified LDL. 15, 16 We therefore explored the idea that OxPAPC might modulate connexin expression in cells of the vascular wall. To test this hypothesis, we applied OxPAPC topically to the murine carotid artery and studied changes in connexin expression. We compared these in vivo findings with responses of a vascular cell coculture model. 17 In this model, OxPAPC treatment led to major alterations in connexin protein and to phosphorylation of Cx43, an effect that has been shown to inhibit gap junction permeability. 18 We conclude that changes in connexin expression, heterocellular communication between EC and VSMC, and phosphorylation of Cx43 induced by OxPAPC may be important pathological developments during the course of atherosclerotic disease.
Methods

Lipids
The nonoxidized phospholipids 1-palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine (PAPC) and the modified nonoxidizable phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were used as controls (Avanti Polar Lipids Inc). 19, 20 PAPC was oxidized by exposure of dry lipid to air for 72 hours to generate OxPAPC. The extent of oxidation was monitored by positive ion electrospray mass spectrometry. 20 
In Vivo Application of OxPAPC
Application of lipids onto the carotid artery was performed as previously described. 21 Briefly, C57/BL6 mice (12 to 15 weeks; nϭ3 mice with OxPAPC, nϭ3 mice with DMPC, and nϭ3 control mice) were anesthetized, and the left common carotid artery was exposed and freed from surrounding tissue. Ice-cold Pluronic F127 gel (60 L; Molecular Probes) containing 50 g of either OxPAPC or DMPC was applied onto the vessel. On gelling of the solution, the skin wound was closed by sutures. Twenty-four hours after surgery, animals were euthanized and perfusion-fixed with 4% paraformaldehyde. Carotid arteries were isolated and embedded in paraffin, and 5-m sections were cut and prepared for immunocytochemistry with antigen retrieval (Vector). Confocal settings for in vivo sections were constant for all experiments at 750 V PMT, 4.8ϫ gain, and 4% offset with laser power at 20%.
Vascular Cell Coculture
Vascular cell cocultures were made according to methods previously described. 17 Primary cultures of mouse VSMC were plated on the underside of a Transwell insert with a pore diameter of 0.4 m. On VSMC confluence, the Transwell insert was inverted, and primary cultures of EC were plated on the top side of the Transwell insert for at least 2 days after confluence before being used. When lipids were added to the vascular cell coculture, they were added in 7.5% FBS for 8 hours. In all experiments in which the vascular cell coculture was used, cells from at least 4 different mice were used, and each experiment was repeated in triplicate.
Immunocytochemistry/Immunoblot
For transverse views of the vascular cell coculture, the cultures were fixed with 2% paraformaldehyde before being embedded in OCT. Approximately 10-m sections were cut perpendicular to the Transwell insert and prepared for immunocytochemistry before being imaged. Confocal settings for the vascular cell coculture were constant for all experiments at 700 V PMT, 4.5ϫ gain, and 7% offset with laser power at 20%. For immunoblot analysis, the vascular cell cocultures were snap-frozen with liquid nitrogen, and EC and VSMC were removed with Laemmli sample buffer (Bio-Rad) and run on a 12.5% SDS-PAGE. Antibodies used for identification of connexins have previously been shown to be specific 17, 22 and include anti-Cx37 (ADI; Zymed), anti-Cx40 (ADI; Zymed), anti-Cx43 (Sigma [intracellular loop for immunoblot; C-terminal tail for immunohistochemistry]), and anti-tyrosine 265-specific Cx43 (Santa Cruz Biotechnology). Antibodies raised against Cx45 were not considered specific (eg, Theis et al 23 ). Alexa fluorophore secondary antibodies were from Molecular Probes.
Biocytin Dye Transfer
Biocytin is a low-molecular-weight (373 Da), uncharged molecule that passes through gap junctions, regardless of connexin composition. As previously described, EC were loaded with biocytin (Molecular Probes), and biocytin transfer to VSMC was assessed by cutting transverse sections of the vascular cell coculture and exposing the biocytin with fluorophore-conjugated streptavidin. 17 The pixel intensity in the XZ direction was measured every 1 m down the length of the Transwell pore. The gap junction inhibitor 18 ␣-glycyrrhetinic acid (18 ␣-GA; 50 mol/L; Sigma) was used as previously described. 17 
Statistics
Significance was set at PϽ0.05 and determined by 1-way ANOVA (Bonferroni post hoc test); error bars are ϮSE.
Results
In Vivo Changes in Connexin Expression
In untreated, control carotids (supplemental Figure IA In carotids treated with OxPAPC, the changes in connexin expression were correlated with upregulation of heme oxygenase-1, which is known to be upregulated by OxPAPC (supplemental Figure II 24, 25 ).
In Vitro Changes in Connexin Expression
We applied increasing concentration of the lipids to the top (EC) and bottom (VSMC) of the Transwell inserts used to create a vascular cell coculture. In the EC monolayer, there was a dose-dependent loss of Cx37 and Cx40 ( Figures 1A  and 2A ). In contrast, there was an increase in Cx37 expression in the VSMC monolayer ( Figure 1B ). Cx40 in VSMC was upregulated by OxPAPC in parallel with the changes in Cx37 ( Figure 2B ). Lastly, OxPAPC induced an increase in Cx43 expression in both EC and VSMC, manifested on immunoblots as an increase in the unphosphorylated lower band and phosphorylated upper bands ( Figure 3A and 3B). Changes in EC and VSMC connexin expression in the 2 models after OxPAPC treatment in comparison to published changes in connexin expression in atherosclerotic mice are summarized in the Table.
OxPAPC-Induced Changes in Gap Junction Composition and Permeability at the MEJ
To examine the changes at the MEJ resulting from altered connexin expression induced by OxPAPC, we immunostained transverse sections of the vascular cell coculture 17 with antibodies against Cx37 ( Figure 4A ), Cx40 ( Figure 4B ), Figure 1 . In response to OxPAPC, Cx37 expression is progressively downregulated in EC and upregulated in VSMC. Immunoblots of EC (A) or VSMC (B) were obtained from our vascular cell coculture and probed for Cx37 or ␤-actin. Conditions tested were control (CT) and 0, 10, 25, 50, 75, 100 g of OxPAPC in 7.5% FBS, 100 g of PAPC in 7.5% FBS, or 100 g of DMPC in 7.5% FBS. Immunoblot boxes represent a molecular weight range of 50 kDa at the top to 25 kDa on the bottom. In each paradigm, the lipids were added to the top (EC) and bottom (VSMC) of the Transwell insert. In response to OxPAPC, Cx37 is diminished in EC and increased in VSMC.
or Cx43 (Figure 4C ). At a concentration of 100 g/mL OxPAPC, Cx37 and Cx40 expressions were confined to VSMC monolayers ( Figure 4A and 4B). Cx43 was the only connexin found in both the EC and VSMC extensions ( Figure  4C ) at points of heterocellular contact, the in vitro MEJ. The absence of Cx40 in EC extensions represents a distinct change in connexin organization of gap junctions linking the EC and VSMC at the in vitro MEJ whether in control 17 or DMPC-treated vascular cocultures (data not shown). Changes in EC and VSMC connexin expression in the 2 models after OxPAPC treatment are summarized in the Table. We used biocytin to assay permeability of the gap junctions linking EC and VSMC at the MEJ. Biocytin loaded into EC diffused into the VSMC in both untreated and DMPCtreated cocultures ( Figure 4D and 4E), and biocytin movement was inhibited by 18 ␣-GA, demonstrating that the coupling was via gap junctions. Treatment of vascular cell cocultures with OxPAPC inhibited coupling between EC and VSMC ( Figure 4F ) and eliminated any effect of 18 ␣-GA. The loss of coupling with OxPAPC was not due to retraction of EC and VSMC extensions from the Transwell because the ␣-tubulin staining revealed the presence of the extensions before and after treatment (supplemental Figure III) .
We hypothesized that phosphorylation of the Cx43 at the in vitro MEJ after OxPAPC treatment could provide an explanation for the elimination of biocytin dye transfer. 18 We used a phosphospecific antibody against the tyrosine 265 residue on Cx43 to detect phosphorylation of Cx43 in vitro ( Figure  5A to 5C) and in vivo ( Figure 5D to 5F). Phosphorylation was undetectable in untreated or DMPC-treated EC and VSMC in vitro ( Figure 5A and 5B) or in vivo ( Figure 5D and 5E). After OxPAPC application, phosphorylation of Cx43 was evident in cellular extensions of both EC and VSMC in vitro ( Figure  5C ) and EC and VSMC in vivo ( Figure 5F ).
Discussion
OxPAPC is thought to play a role in the pathogenesis of atherosclerosis. Our data show that OxPAPC induces changes in vascular connexin expression that parallel changes seen in advanced atherosclerosis. Data from the present experiments and from the literature are summarized in the Table.
Endothelial Cells
Mouse carotids and vascular cell cocultures exposed to OxPAPC showed a pattern identical to that seen in advanced atherosclerotic mice (14 weeks; Table) . 12 The expression of Cx40 took on a different pattern because the protein remained constant in the initial stages of atherosclerosis and after VCCC indicates vascular cell coculture; 1, increased connexin expression; 2, decreased connexin expression; Ϫ, no change in connexin expression; ND, not determined; and NP, not present. Changes in connexin expression in vivo were based on qualitative differences in fluorescent intensity from immunocytochemistry experiments. Changes in connexin expression in vitro were based on qualitative differences in immunoblot band detection as well as corresponding fluorescent intensity from immunocytochemistry experiments. Changes in connexin expression in atherosclerotic mouse aortas (initial, 6 week; advanced, 14 week) were summarized from Kwak et al.
Summary of Changes in Connexin Expression
OxPAPC treatment but was decreased in the advanced atherosclerotic plaques of mice and in the vascular cell coculture. These differences were not due to cell culture because there was a change in connexin expression in 2 different in vivo states. It is possible that Cx37/Cx43 and Cx40 may be differentially regulated.
Yeh et al 26 characterized the effect of hypercholesteremia on aortic EC and found that Cx40 and Cx37 were both decreased and that a return to normal mouse chow diet rapidly brought Cx37 expression up to normal levels, whereas Cx40 levels remained decreased. Simon et al 27 demonstrated that injections of lipopolysaccharide into mice caused significant Cx40 downregulation in aortic EC compared with Cx37. These reports demonstrate that Cx40 and Cx37 may be differentially regulated during the inflammation process, ie, their expression is independent of the expression of the other connexins. This is in contrast to connexin expression levels in EC (ie, lacking inflammatory stimuli), which have been demonstrated previously to have coregulated connexins, ie, the up or down connexin expression is dependent on the expression of other connexins. 22, 28, 29 How OxPAPC may decouple connexin coregulation is potentially of great interest in understanding EC response to inflammatory mediators. As the effects of OxPAPC on nuclear transcription factors become more clear (eg, Kronke et al 24 ) , a more precise idea of the differential control of connexin expression will likely become more evident.
The discrepancy between in vivo and in vitro findings regarding Cx40 is not easily explained; however, EC that migrate off of aortic explants, similar to the ones used in these experiments, are angiogenic and have a phenotype that resembles microvasculature EC (eg, Li and Olsen 30 ) more OxPAPC reorganizes connexins and alters gap junction permeability between EC and VSMC in vitro. Cx37 (A), Cx40 (B), and Cx43 (C) were examined between EC and VSMC on transverse sections of vascular cell cocultures. Each transverse section was double stained with VE-cadherin (VE-cad) antibodies to mark EC and EC extensions (green) and connexin antibodies (red). Cx43 was the only connexin found in the cellular extensions. Bar in A is 10 m and applies to all images. We examined whether the Cx43 formed functional gap junctions. In J to L, biocytin transfer from EC through Transwell insert pores to VSMC at 1-m intervals was determined by streptavidin pixel intensity. Biocytin transfer was assessed in control conditions (CT; J), after application of DMPC (K), and after application of OxPAPC (L). Purple lines represent biocytin transfer without 18 ␣-glycyrrhetinic acid (Ϫ18 ␣-GA), and gray lines represent transfer with 18 ␣-GA (ϩ18 ␣-GA). In both J and K, 18 ␣-GA significantly inhibited biocytin transfer from EC to VSMC, whereas in L with OxPAPC, it had no effect. OxPAPC reduced coupling between EC and VSMC. *Significant difference (PϽ0.05) between 18 ␣-GA and control.
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than the macrovasculature EC (eg, the carotids). It is therefore possible that the changes in Cx40 expression demonstrated on the vascular cell coculture may be more representative of what may happen in the microcirculation in response to circulating OxPAPC. More research on the effect of OxPAPC on microvascular connexin expression is required.
Vascular Smooth Muscle Cells
Similar to that seen in EC, the changes in Cx37 expression in VSMC were consistent among all experimental conditions. In regard to Cx40, in each of the in vivo models (atherosclerosis 12 and OxPAPC), expression was not evident, and the upregulation of the protein was only seen in VSMC in vitro. It is possible that different VSMC differentiation states may account for this discrepancy (eg, Nicosia and Villaschi 31 ). Cx43 was the most peculiar in VSMC as OxPAPC-treated carotids and vascular cell cocultures responded with an increase in expression, whereas in advanced atherosclerotic mice the expression of Cx43 was downregulated. 12 This difference represents the only distinct change in connexin expression between OxPAPC and atherosclerotic mice. In untreated aorta and early atherosclerotic mice, Cx43 is highly expressed in VSMC, and therefore the difference between the advanced atherosclerotic mice and the OxPAPC-treated mice may represent a distinct pathological state. In rat aorta, levels of Cx43 in VSMC have been demonstrated to be highly responsive to levels of Cx43 in EC (eg, Simon et al 28 and Liao et al 32 ) , and therefore the possibility of some type of heterocellular interaction governing these responses in response to inflammatory mediators is intriguing.
Myoendothelial Junctions
Changes in heterocellular communication between EC and VSMC due to atherosclerosis have not been studied at the functional gap junction level. Here we demonstrate that the addition of OxPAPC fundamentally alters coupling between EC and VSMC. It was previously reported that at the in vitro MEJ, connexins formed heterotypic gap junctions composed of Cx40 and Cx43 heteromeric hemichannels (in EC) and Cx43 homomeric hemichannels (in VSMC) that were permeable to biocytin. 17 The addition of OxPAPC initially appeared to have left Cx43 at the in vitro MEJ intact, indicating that the 2 cell types were likely coupled. Indeed, with just Cx43 linking the 2 cell types, both biocytin and Cy3 have been shown to be permeable through the gap junctions at the MEJ. 17 However, our work demonstrated a significant inhibition of the dye transfer moving from EC to VSMC. For this reason, we concluded that it was possible that although Cx43 may be present and form a functional gap junction, the gap junction may not be functionally "open." Because connexins can be phosphorylated by a multitude of activated signaling cascades, and phosphorylation generally closes gap junctions, 18 we were interested in the phosphorylation state of the Cx43 linking the EC and VSMC.
With the addition of OxPAPC, there was a change in the phosphorylation state of residual Cx43 protein, especially at the in vitro MEJ. Phosphorylation of Cx43 can occur at several serine and tyrosine sites on the carboxy tail of Cx43 and has been shown to be associated in most instances with reduced gap junctional coupling (for review, see Lampe and Lau 18 ). In particular, phosphorylation of tyrosine 265 on Cx43 has been associated with decreased cell coupling in multiple cell types through a v-src kinase signaling cascade. [33] [34] [35] Because there is evidence that OxPAPC induces activation of v-src, 15 it is conceivable that v-src mediates the OxPAPC-induced phosphorylation of Cx43.
Taken together, the altered heterocellular communication between the 2 cell types raises the possibility of poorly coupled vascular tissue during atherogenesis and after Ox-PAPC treatment. This observation has important implications for disease states associated with elevated levels of oxidized phospholipids, in which vascular heterocellular communication might be disturbed. It remains to be determined whether these OxPAPC-induced disturbances in cellular communication within the vascular wall provide a link between hyperlipidemia and hypertension, as observed in patients suffering from the metabolic syndrome. It might be possible that pharmacological intervention to increase heterocellular coupling by altering the phosphorylation state of Cx43 may be effective in slowing the progress of the diseases.
In summary, a correlation exists between EC and VSMC after OxPAPC treatment and connexin expression in advanced atherosclerotic mice, especially in regard to Cx37 and Cx43. These changes affected coupling between EC and VSMC in our vascular cell coculture so that all gap junctionmediated communication between the 2 cell types in vitro was significantly inhibited. We suggest that phospholipid oxidation products such as OxPAPC, which accumulate during the development of atherosclerotic lesions, may affect gap junction-mediated communication in the vascular wall and detrimentally contribute to the development of the disease. 
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